Abstract: Air microbial quality of the municipal landfill site and in its surroundings was evaluated. Adverse impact of the municipal landfill site in Tarnow on the atmospheric environment was noted, despite the use of correct waste disposal technology. The sampling site and season of the year significantly affected the numbers of various groups of air microorganisms at the municipal landfill site and in its vicinity. For most cases, the effects of the sampling site on the microbial numbers were stronger than that of the season of the year. In this study, higher microbial numbers were observed at the sampling sites located in the area of the active landfill site compared to those located in its vicinity. The obtained results indicate, that despite the lack of current limits for bioaerosol levels the landfill site, even after its closing and reclamation, may still not be a suitable place for any public usage. Therefore, any regular microbiological studies of air should be carried out for a long time both at the area of landfill site and in its vicinity. These results could allow to define the time, when the landfill site become stable, regarding the numbers of microorganisms released to air.
Removing of municipal wastes by collection on a landfill site, is a routine procedure of their disposal for a long time. Hence, the aim of this study was to statistically analyze bacterial and fungal aerosol distribution at the municipal landfill site.
Material and methods
The municipal landfill site in Tarnow was opened in 1985. It is located in north-eastern part of the town. The waste disposal site was selected in a hummocky area, where ground depressions are slightly over 10 meters. At this place, the ground slightly declines to the south-east direction. The whole area of the landfill site covered approximately 12.68 ha. Three (formerly reclaimed) sectors of the total area equal to 4.8 ha are assigned for waste deposition. The fourth sector is currently used, occupying the area of 1.5 ha. It complies with all current European norms. After completion of the landfill operation at the site territory, a new technical project assumes the possibility of further landfill operation at new sectors, covering the total area of 18.5 ha. The landfill operation is carried out the using horizontal method. Thus wastes are weight followed by compaction after deposition in the appropriate sector. The wastes are deposited in layers of the thickness equal to 2 m in separated weekly working lots (17 · 21 m) . Periodically, the wastes are disinfected using chlorinated lime. After formation of the waste layer, it is covered with the insulating layer of soil. For microbiological studies, air samples were collected each month for the 3-year period. The studies were carried out at 10 sampling stands, located along the predominating wind direction, inside and around the municipal landfill site in Tarnow (Fig. 1 ). This sampling stands were as follows: No. 1 -at the open ground, located on the west from the entrance to the landfill site, No. 2 -located near the entrance to the landfill site, near the weighing station, No. 3 -located at the field composting plant station, No. 4 -located at the agricultural area, on the north from the landfill site border, No. 5 -located at the area of the active sector in the landfill site, No. 6 -at the area of the reclaimed sector, No. 7 -located closely to a leachate tank, No. 8 -at the open ground in front of a row of trees, located on the east from the landfill site border, No. 9 -at the open ground, behind the row of trees and shrubs, located on the east from the landfill site border, No. 10 -at the area of Tarnow city, at the distance of approximately 2 km on the south-west from the landfill site. Air samples were collected using an Air Sampler SAS 90 impactor during landfill site operation. For sampling, the impactor was always set on the height of 1-1.5 m above the soil surface to collect the bioaerosol from the breathing zone. In addition temperature, relative air humidity (RH) and the speed of wind were recorded using a weather meter Kestrel 4000 (Nielsen-Kellerman, USA) ( Table 1 ). The air samples were collected for inoculation of the following media: Tryptic Soy Agar (TSA, Difco) with 5% of defibred sheep blood for bacteria, Mannitol Salt Agar (MSA, bioMérieux) for staphylococci, Gauze's agar for actinomycetes and Malt Extract Agar (MEA, Difco) for fungi. The inoculated media were incubated as follows: TSA at temperature 35-37°C for 48 hours, MSA at 37°C for 48 hours, Gauze's agar at 28ºC for 7 days, and MEA at 25°C for 5 days. The quantitative data were put in into the spreadsheet software Microsoft Excel 2000. Using this program, an introductory data processing was carried out (eg logarithmic transformation of the total bacterial numbers). All statistical analyses were carried out using Statistica 5.1 G. The total numbers of various groups of microorganisms were log transformed, according to the function: y = log 10 (x + 1). This transformation enables to approximate the values of respective replications to the normal distribution. Furthermore, it eliminates a positive correlation between average values and variances, which diminishes a reliability of any parametric statistical tests (eg Student's t-test and analysis of variance) [30] . To evaluate effects of the sampling site itself on the total numbers of various air microorganisms, One-way analysis of covariance (ANCOVA) was carried out, with time (months) as a covariate. The significance of differences between averages was tested using Newman-Keul's multiple range test (p ≤ 0.05). The simultaneous effects of the sampling site (1-st factor) and month of the year (2-nd factor) were assessed by carrying out two-way analysis of variance (ANOVA). Considering the fact that some assumptions of the parametric analysis of variance could not be fulfilled (eg additivity of the factors, homogenicity of group variances, the normal distribution of variables within groups, etc.) a nonparametric alternative of analysis of variance (for each factor separately), the Kruskal-Wallis test on ranks was carried out additionally [31] . The results of two kinds of analyses were concordant (in a few cases imperceptibly weaker significance level for the nonparametric test was noted). Therefore the results of Kruskal-Wallis test are not given.
Apart from the univariate analyses the analogous multivariate analyses were carried out (one-way MANCOVA and two-way MANOVA), where all the variables (after logarithmic transformation) were included. Besides of the significance level, some multivariate statistics were calculated here, Wilk's lambda (a ratio of the intragroup variance/covariance matrix to the intergroup variance/covariance matrix) and Rao's R (a converted value of Wilk's lambda used for the significance level assessment).
To evaluate any possible effect of the meteorological variables on the numbers of air microorganisms at the same sampling sites, a parametric Pearson's correlation coefficient (r) was calculated and its significance level was assessed. Additionally, a nonparametric Spearman's correlation coefficient on ranks (R) was calculated. Considering the nature of the data (some of the variables were not measured in the continuous scale and they did not follow the normal distribution) this kind of coefficient could be more reliable than the Pearson's one. Calculations of correlation coefficients comprised air temperature, relative air humidity, the speed of wind at a moment of air sampling (independent variables -x), and microbiological (log cfu m -3 air) variables (the dependent -y) for the whole period of studies.
Results and discussion
Municipal landfill sites and all inconveniences associated with them have become a noticeable problem in environmental protection last years. The waste management, especially in the case of industrial and municipal wastes, can be considered as an important and difficult task. Hence, for any correctly organized waste management, a periodical control of the landfill site effects on the natural environment and the labour environment both during landfill site's operation and some time after its reclamation, should be taken into consideration [3, 19, 32] . In this study, effects of the municipal landfill site in Tarnow on microbial quality of the atmospheric air within the landfill site and at the closest surroundings were assessed.
The statistical analyses of data obtained in this study indicate that significant differences in the numbers of airborne microbes determined at sampling sites located at different distances from the landfill site were found. It is a natural phenomenon as microorganisms and other particles raised up with aerial streams to upper layers of atmosphere, begin to sediment after travelling some distance. Air is not a suitable environment for establishing a community of characteristic microflora [26, 33] .
The Figure 2 presents results of sampling site effects on the numbers of various groups of airborne microorganisms at the municipal landfill site in Tarnow. It was found: a) the highest corrected averages of hundreds cfu m -3 air for fungi, b) high averages from several tens to several hundreds cfu m -3 air for bacteria; c) moderately high averages from several to 100 cfu m -3 air for staphylococci, d) low averages from several to ca. 30 cfu m -3 air for β-hemolytic bacteria and actinomycetes; e) very low averages of several cfu m -3 air for α-hemolytic bacteria. ANCOVA indicated increasing effects of the municipal landfill site (location of the sampling site) on the numbers of airborne microorganisms, in the following order: fungi (nonsignificant effects p = 0.145) < actinomycetes (p = 0.0003) < α -hemolytic bacteria (p = 4 · 10 Table 2 presents results of two-way ANOVA, comparing the effects of the sampling site (I) and month of the year (II) (average for the whole period of study) on the numbers of various groups of airborne microorganisms at the municipal landfill site in Tarnów. Apart from a few exceptions (eg for the fungi, the sampling site), the effects of both factors were highly significant. Generally, the sampling site effects on microbial numbers were stronger than that of month of the year. It was found that both effects decreased in the following order: staphylococci (sampling site: p = 3. ). Taking into account that, for the untransformed data, the site effect was stronger (p = 7.6 · 10 ), the real effects of both factors on the β-hemolytic bacteria could be recognized as the comparable ones (Table 2) . However, the comparison of averages for months of the year (2-way ANOVA: I -sampling site; II -month of the year) using the Newman-Keul's multiple range test (p ≤ 0.05) are shown in Figure 3 . In general, the airborne microorganisms were more numerous in summer months than during winter and early spring. For the total bacteria, fungi and actinomycetes, averages for June and September were significantly higher than those for February, March and December. The fungal numbers were almost 20-fold higher than the lowest ones, and (in contrast to bacteria and actinomycetes) at least two intermediate, statistically homogenous groups of averages could be indicated. However, for actinomycetes, the additional high was found in January. Several statistically homogenous groups of averages were also observed for staphylococci (the highest for June, August and October, the lowest for March) and for β-hemolytic bacteria (the highest for August, the lowest for May). Throughout the study, α-hemolytic bacteria were the most frequent in August and the rarest in June (Fig. 3) . The results of one-way MANCOVA and two-way MANOVA of the numbers of various groups of airborne microorganisms at the municipal landfill site are given in Table  3 . In general one-way MANCOVA showed highly significant effect of the sampling site on the numbers of six various groups of air microorganisms (p = 3 · 10 -15 ). The data would seem to suggest, that the sampling site (p = 9 · 10 -18 ) and month of the year (p < 10 -20 ) highly significantly affected the occurrence of microorganisms in air. The time effect was stronger than that of the strongly than the sampling site. It is noteworthy that: a) in two-way ANOVA and MANOVA significant interaction between experimental factors was not detected, b) after excluding the variable of total fungal number from the MANOVA model, effect of the sampling site (p = 8 · 10 -18 ) was stronger than that of month of the year (p = 5 · 10 -16 ) ( Table 3) . Table 4 Relationship (correlation) between meteorological data for the whole period of study [independent variables (x):
average monthly atmospheric pressure, average air temperature, relative air humidity, average speed of wind, cloudiness and the sum of precipitation], and the numbers of various groups of air microorganisms in the municipal landfill site at Tarnow and in its vicinity dependent variables (y), expressed as log cfu m The results obtained in this study indicated, that numbers of various groups of microorganisms, occurring in the air were highly dependent on the microclimatic conditions. Table 4 illustrates the correlation between the meteorological data and the airborne microbial numbers at the municipal landfill site in Tarnów. Generally there was no significant correlation noted, exception being the fungal group. The fungal numbers were significantly (p ≤ 0.05) positively correlated with the air temperature, sum of rainfalls and the speed of wind. However, the negative correlations were found with the atmospheric pressure, relative humidity and cloudiness. The high correlation between the sum of rainfalls and fungal numbers can be considered as weakly reliable and overestimated due to the occurrence of two mutually separated groups of data: a) low values for both variables, b) high values for both variables. The numbers of β-hemolytic bacteria were poorly correlated with the speed of wind. However, it was only found for the Pearson's parametric coefficient of linear correlation (r). The Spearman's nonparametric coefficient of correlation (correlation of ranks, R) was not statistically significant, which allows us to consider the above relationship as negligible (Table 4) . In Table 5 , the correlations between the meteorological data (temperature, relative air humidity and the speed of wind) and the numbers of various groups of airborne microorganisms is presented. The numbers of almost all the groups of microorganisms (except α-hemolytic bacteria) correlated positively with the air temperature. This relationship decreased in the following order: fungi (r = 0.599, R = 0.616, p << 0.001) >> staphylococci > the total bacteria > actinomycetes > β-hemolytic bacteria [r = 0.098 (nonsignificant), R = 0.155 (p < 0.01)]. For most cases the occurrence of microorganisms in air poorly negatively correlated with the relative air humidity (absolute values of r and R below 0.14). The negative correlations were also observed between the speed of wind and the numbers of some groups of microorganisms, the highest ones for fungi (r = -0.371, R = -0.426, p < 0.001) and staphylococci [r = -0.153 (p < 0.01), R = -0.187 (p < 0.001)]. Table 5 Relationship (correlation) between meteorological data in the period of study [independent variables (x): air temperature, relative air humidity, and speed of wind on the day of air sampling], and the numbers of various groups of air microorganisms in the municipal landfill site in Tarnow For statistical analysis of the results obtained in this study, mostly parametric methods were used, eg analysis of variance (covariance), despite the possibility of not fulfilling of all assumptions of such methods (eg additivity of the experimental factors, homogenity of the group variances, the normal distribution of variables within groups) [31] . Their use could be justified with an exploratory approach to the data analysis, where data did not have to fulfill any particular assumptions, drawn in advance, and any results of significance testing ("p" values) were approximate tracers of significance only [34] . Alternatively, a nonparametric method was also applied: Kruskal-Wallis test, but its usefulness was diminished by the following limitations: a) low statistical power; b) no possibility to carry out any equivalent of two-way (and more) analysis of variance and analysis of covariance; c) unavailability (in STATISTICA) any "post-hoc" multiple range test -to compare averages [35] .
Considering the above mentioned limited reliability of significance testing in the parametric statistical analyses carried out in this work (eg ANOVA and ANCOVA), we can accept that routinely taken significance level of p ≤ 0.05 could be too weak. However more than once noted here, the values of significance level of p ≤ 10 -6 (sometimes even of
) can be considered as highly significant, even for breaking down of some assumptions of parametric statistical analyses. Admittedly, some new studies similar this one, and/or being their continuation, using modern and sophisticated statistical methods (eg the generalized linear and nonlinear models), allow excluding any doubts related to the results obtained. In the present study, the relationships (correlations) between the environmental data and numbers of various groups of microorganisms were assessed quantitatively, assuming not only the existence of not only statistical relationships, but also the causal ones. Generally the positive correlation was noted, often statistically significant (p ≤ 0.05). However skipping a few exceptions, the correlations coefficients were not high (< 0.7). This result indicate that the higher contribution of random variability (not associated with correlation) than correlation explains the relationship between variables. The variability explained by correlation is described by a square of the correlation coefficient (r 2 ), ie coefficient of determination, r 2 > 0.5 only for high values of r (r > 0.7) [36] . Because of this, a practical conclusion can be proposed. It is difficult to built any reliable and predicative model on the basis of data analysed in this work, which could enable to forecast any microbial air pollution on the basis of available meteorological data (eg using multiple linear or nonlinear regression), because of too poor relationships between analysed variables (r < 0.7 and r 2 < 0.5). The possible reasons of these relationships could result from errors in their quantitative evaluation, as well as from the lack of any elaborated reliable methods. For example, the correlation between the average speed of wind for month, and the occurrence of fungi in air during the first month of study was positive and significant [r = 0.30 (p < 0.01); R = 0.42 (p < 0.001)]. However, the correlation between the speed of wind, measured at the moment of sampling, and the occurrence of fungi in air during the whole period of study, was significant, but negative [r = -0.37 (p < 0.001); R = -0.43 (p < 0.001)]. A possible reason of this contradiction could be the fact, that the speed of wind was not a fully reliable and sufficient measure of the wind effect on the numbers of fungi and other microorganisms in the air. For simplification a direction of wind was not considered here. However, even taking this into account, it seems to be unsatisfactory explanation. Hence, in any model of influence of wind on the microbial numbers in air, each sampling point should be considered separately, regarding not only the direction of wind, but also the sampling point location in relation to the source of pollution (the active sector of the landfill site). Furthermore, the good predicative model besides the "waste load" should also consider other variables, eg an extent of waste microbial pollution and susceptibility of waste decomposition and/or composting.
In this study, the occurrence of various microbial groups in the air was studied. Because of a large input of labour, time and resources it was difficult to perform air monitoring for every day. As a result, it was not possible to use for the data analysis obtained any statistical methods, enabling to forecast any changes in a given variable for very short time intervals, eg the method of time series analysis. However, it is possible, when a study is based on direct counting of total number of bacteria, using an epifluorescent microscope to differentiate bacteria from any dead organic or inorganic particles and fungal spores. Airborne microbial concentrations should be estimated every day resulting in a collection of data, covering a long time of study. These data may then be subjected to the time series analysis. Consequently, the analysis could be a basis to forecast any changes in airborne bacterial and fungal numbers (counted directly) depending on the season of the year. Monitoring of bioaerosols at the waste application facilities is important for risk assessment [37] .
Conclusions
Regarding the occurrence of various groups of microorganisms in air, this study shows adverse impact of the municipal landfill site in Tarnow on the atmospheric environment, despite the use of correct waste disposal technology. The sampling site and season of the year significantly affected the numbers of various groups of air microorganisms at the municipal landfill site and in its vicinity. For most cases, the effects of the sampling site on the microbial numbers were stronger than that of the season of the year. Generally, the effects of these factors decreased in the following order: staphylococci > bacteria > α-hemolytic bacteria > actinomycetes. For the fungi, the influence of the sampling site can be considered as the scarce, as compared with very highly significant effect of the season of the year. In the case of β-hemolytic bacteria, any real effect of both factors on the occurrence of this group of bacteria could be recognized as the comparable one. In this study, we observed higher microbial numbers at the sampling sites located in the area of the active landfill site compared to those located in its vicinity. The obtained results indicate, that despite the lack of current limits for bioaerosol levels the landfill site, even after its closing and reclamation, may still not be a suitable place for any public usage. Therefore, any regular microbiological studies of air should be carried out for a long time both at the area of landfill site and in its vicinity. These results could allow to define the time, when the landfill site become stable, regarding the numbers of microorganisms released to air.
